trol for curly top in sugar beets. However, even the most resistant commercial and experimental hybrids rated 2.5 to 3.0 on a disease index from 0 (healthy) to 9 (dead) (11) , while the average rating for commercial hybrids under natural conditions in the 2004 variety trial in Nampa, ID, was 4.1 (4, 19) . Early planting when possible can reduce disease severity, but is not always successful because of the unpredictable incidence and movement of viruliferous leafhoppers (22) . Insecticidal sprays have not always provided effective control, while some soil-applied systemic insecticides have been more promising (2, 3) . Phorate (Thimet) and aldicarb (Temik) are two systemic insecticides approved for use on sugar beets, but they are primarily targeted at root maggot control (3) . These soil-applied insecticides have been somewhat effective in suppressing curly top (3) . However, they are considered environmentally undesirable, and more effective control measures are needed in this regard.
Resistance to curly top is quantitatively inherited, which makes combining this resistance with resistance to other diseases difficult. In the early 1990s, rhizomania, caused by Beet necrotic yellow vein virus (BNYVV) and vectored by the plasmodiophorid Polymyxa betae Keskin, became an important widespread problem. BNYVV prevents normal root growth and causes severe yield loss, making rhizomania one of the most destructive diseases of sugar beet. Therefore, seed companies have rapidly incorporated resistance to BNYVV into commercial hybrids but found maintaining curly top resistance and high yield difficult in hybrids developed for the Pacific Northwest. Cultivars with resistance to rhizomania developed in the 1990s are just now approaching desired levels of curly top resistance (4) . Unfortunately, Rzl, the single dominant gene for resistance to rhizomania, which is currently the most widely used source, appears to be compromised by new strains of BNYVV (9) . Thus, additional sources of resistance to BNYVV will need to be incorporated into commercial cultivars. However, as additional rhizomania resistance is incorporated and becomes available, it will take time to bring these cultivars up to acceptable levels of curly top resistance. Transgenic cultivars with resistance to glyphosate are on the horizon. Breeders will also likely struggle to maintain acceptable levels of curly top resistance in these transgenic cultivars as they are developed. Therefore, managing curly top on sugar beets will continue to be both multifaceted and difficult. An important component of this management strategy will need to be the application of insecticides. In an effort to develop improved and more environmentally friendly control measures for curly top, we conducted studies to evaluate the relative influence of host resistance and insecticide seed treatments on the control of curly top in sugar beets.
MATERIALS AND METHODS
Treatments. Three seed treatments and four sugar beet hybrids with different levels of host resistance (4), HM PM21 = high, Beta 8600 = high-intermediate, Phoenix R = low-intermediate, and Monohikari = highly susceptible, were evaluated. The insecticide seed treatments included an untreated check (no insecticide), Gaucho (45 g a.i. imidicloprid/100,000 seed), and Poncho Beta (60 g a.i. clothianidin + 8 g a.i. beta-cyfluthrin/ 100,000 seed). In addition to the insecticide treatments, all seed were treated with the fungicides Allegiance FL (15.6 g a.i. metalaxyl/100 kg seed) and Thiram 42S (250 g a.i. thiram/100 kg seed) to limit the influence of fungal pathogens and allow Curly top on sugar beets (Beta vulgaris) caused by Beet severe curly top virus or closely related species is a considerable problem in arid growing regions of the western United States. Two insecticide seed treatments, Poncho Beta (60 g a.i. clothianidin + 8 g a.i. beta-cyfluthrin/100,000 seed) and Gaucho (45 g a.i. imidacloprid/100,000 seed), and four sugar beet hybrids varying in curly top resistance were evaluated for their influence on the control of curly top in comparison with untreated checks. Plots were established at two locations in southern Idaho in 2005 and evaluated for curly top. Moderate to severe curly top due to natural inoculum and leafhopper infestations occurred at both locations. Untreated, the four hybrids performed as expected with the fewest curly top symptoms on PM21 and the most on Monohikari. Both insecticide treatments lowered curly top ratings compared with the untreated check, but Poncho Beta reduced symptoms more than Gaucho as the season progressed. Poncho Beta led to increased yield and estimated recoverable sugar across all hybrids at harvest, particularly on the more susceptible hybrids. When considering the yield parameters for only the most resistant hybrids individually, Poncho Beta did not always outperform Gaucho. Poncho Beta provided a level of control that would justify its application as a supplement to host resistance under Idaho conditions. 21 June at the eight-leaf growth stage. Disease data were recorded for the center two rows on 13 July, 9 August, and 7 September by giving the center two rows of the plot an overall severity rating using a disease index of 0 to 9 (Table 1). The field was sprayed with the fungicides Headline (23.6% pyraclostrobin) at 841 g/ha and sulfur at 6.72 kg/ha on 13 August for control of powdery mildew. The center two rows were harvested on 27 October using a small plot harvester. During harvest, two eight-beet sugar samples per plot were collected for sugar analysis.
Nampa trial. The Nampa trial was conducted in a commercial sprinkler-irrigated sugar beet field near Nampa (approximately 16 km from the site of the 2004 variety trial [4, 19] at Nampa) at 800 m elevation in an area considered to have severe curly top disease pressure. The field trial relied on the natural leafhopper population and virus for infection. The field had been planted to wheat in 2004. The field was fall plowed, land planed, and fall bedded with 22.4 kg N, 44.8 kg P205 , 31.4 kg K, 43.7 kg S, 1.17 liters Zn, 4.68 liters boron, and 3.8 liters humic acid per ha. The field was also row fumigated in the fall with 85 ml K-PAM HL (54% potassium N-methyldithiocarbamate) per 30.48 m row. In spring, the herbicide Nortron SC (42% ethofumesate) was broadcast at 2.33 liters/ha and mechanically worked into the beds prior to planting. The plots were planted on 24 March 2005 to a density of 469,490 seeds/ha, and thinned to 88,066 plants/ha on 10 May. Plots were four rows Center few whorls of leaves with curling edges 4
Most leaves moderately curling; more than half of upper surface of leaf visible 5
Slight stunting, severe leaf curling; less than half of upper leaf surface visible due to curling; most larger leaves still erect 6
Stunting, slight yellowing; most leaves becoming prostrate 7
Severe stunting, yellowing; leaves prostrate and some leaves dead 8
Only the center few whorls of leaves green and alive 9
Plant dead Rating system was published by David Mumford in 1974 (11) . We utilized the rating system in a continuous manner rather than categorically. Thus, any number, including decimal numbers, between zero and nine was possible when scoring plants. Previously established curly top resistance in hybrids: HM PM21 = high, Beta 8600 = high-intermediate, Phoenix R = low-intermediate, and Monohikari = susceptible. v All seed was treated with Allegence FL (15.6 g a.i./100 kg) and Thiram 42S (250 g a.i./100 kg). Untreated check = no insecticide treatment, Gaucho = imidacloprid 45 g a.i./100,000 seed, Poncho Beta = clothianidin 60 g a.i./100,000 seed + beta-cyfluthrin 8 g a.i./100,000 seed. w Number of plants at the cotyledon growth stage (prior to thinning) were counted in 3 m of row.
Number of plants in the center two rows (total of 21.4 m) with spinach leafminer (Pegomya hyoscyami) damage on 21 June. Y The curly top disease index scale ranged from 0 = no symptoms to 9 = dead plant ( Table 1) . Rating system was published by David Mumford in 1974 (11) .
P > F was the probability associated with the F value. LSD = Fisher's protected least significant difference value. Means followed by the same letter did not differ significantly based on Fisher's protected least significant difference value with P 0.05.
wide (56-cm row spacing) and 10 m long. At the two-leaf stage, the following herbicides were applied in a 22. Data analysis. Data were analyzed in SAS (15) using the general linear models procedure, and Fisher's protected least significant difference was used for mean comparisons. Mean comparisons across treatments were conducted using single degree-of-freedom contrast statements in SAS.
RESULTS
There were no significant differences in stands (Tables 2 to 5 ) between insecticide treatments and untreated checks on any of the four cultivars tested based on the number of plants per row prior to thinning. Thus, a good stand was established for each cultivar at both locations and no phytotoxicity was evident.
A considerable natural leafminer infestation occurred at the Kimberly field (Table  2) but was not present at the Nampa field. The Poncho Beta treatment was significantly (Tables 2 and 4 
Moderate to severe curly top occurred at both locations and was only based on natural inoculum and natural leafhopper infestations (Tables 2 and 3) . When comparing treatments, we observed significant differences in curly top ratings at both locations for all three rating periods (Tables 2 and  3 ). These differences became larger as the season progressed. PM21 was not significantly different from Beta 8600 at either location based on the July curly top reading contrasts (P = 0.4362 and 0.3401). As the season progressed, Beta 8600 developed more curly top symptoms than PM21 based on contrasts for two additional curly top readings (August P = 0.0211 and 0.0030 and September P = 0.0073 and <0.0001). Both PM21 and Beta 8600 were more resistant to curly top than Phoenix R and Monohikari at both locations on all three rating dates based on contrasts (P < 0.0001). Curly top symptom expression across treatments was significantly lower in Phoenix R than in Monohikari in Nampa (July P = 0.0028, August P < 0.0001, and September P < 0.0001) but varied with rating date at Kimberly (July P = 0.1216, August P = 0.0009, and September P = 0.1756). Both insecticide treatments had lower curly top ratings than the untreated checks at both locations across hybrids based on contrasts (Tables 4 and  5 ). The plots treated with Poncho Beta had lower curly top ratings than plots treated with Gaucho in all cases except for the first rating date in Nampa.
Based on contrasts, treatment with Poncho Beta resulted in increased yield and estimated recoverable sugar more than Gaucho, but the Gaucho seed treatment performed better than untreated seed (Tables 4 and 5). When considering the individual hybrids (Tables 2 and 3) , although Poncho Beta did not always result in yield greater than Gaucho in the hybrids with better curly top resistance, there was a trend for the Poncho Beta root yield to be higher than Gaucho and the Gaucho seed treatment to perform better than the untreated seed. Comparative results demonstrated that Poncho Beta increased sugar content, but Gaucho did not. However, Poncho Beta did not always result in significantly improved sugar content on the more resistant hybrids (Tables 2 and 3) .
DISCUSSION
Under moderate to heavy infection pressure, seed treatment with Poncho Beta was able to provide acceptable protection from curly top on all sugar beet hybrids tested. Even sugar beet hybrids highly susceptible Previously established curly top resistance in hybrids: HM PM21 = high, Beta 8600 = high-intermediate, Phoenix R = low-intermediate, and Monohikari = susceptible. "All seed was treated with Allegence FL (15.6 g a.i./100 kg) and Thiram 42S (250 g a.i./100 kg). Untreated check = no insecticide treatment, Gaucho = imidacloprid 45 g a.i./100,000 seed, Poncho Beta = clothianidin 60 g a.i./100,000 seed + beta-cyfluthrin 8 g a.i./100,000 seed. Number of plants at the cotyledon growth stage (prior to thinning) were counted in 3 m of row. Y The curly top disease index scale ranged from 0 = no symptoms to 9 = dead plant ( Table 1) . Rating system was published by David Mumford in 1974 (11) .
P > F was the probability associated with the F value. LSD = Fisher's protected least significant difference value. Means followed by the same letter did not differ significantly based on Fisher's protected least significant difference value with P 0.05. The curly top disease index scale ranged from 0 = no symptoms to 9 = dead plant.
to curly top had commercially acceptable levels of curly top at the end of the season and reasonable yield parameters under moderate disease pressure. The Poncho Beta treatment outperformed both Gaucho and the untreated check in curly top ratings (except for first rating at Nampa), root yield, and estimated recoverable sugar based on contrasts. When looking at simple effects based on Fisher's protected least significant differences (LSD), Poncho Beta did not always outperform other treatments based on ratings and yield parameters. When considering root yield data, there was a trend for Poncho Beta to consistently result in higher yield than the other treatments. This trend was significant with the susceptible hybrids but not with PM21 and Beta 8600, hybrids with better host resistance. When considering estimated recoverable sugar, trends were not clear with the more resistant hybrids. This decrease in ability to detect significant differences for recoverable sugar was likely because of utilizing several parameters (root yield, sugar content, and conductivity) to estimate the values, each of which adds additional variation. Gaucho also outperformed the untreated check by reducing foliar curly top symptoms and increasing root yield and estimated recoverable sugar based on contrasts. When comparing simple effects with Fisher's protected LSD, trends and significant differences were not always present. Differences were more common with parameters associated with the more susceptible hybrids. The limited level of protection provided by imidacloprid in this study is consistent with previous research (8) where this product was unable to prevent large yield losses among susceptible hybrids. The previous work also established that imidacloprid and phorate provided similar levels of protection to curly top on sugar beets.
The clothianidin in Poncho and imidacloprid in Gaucho are both in the neonicotinoid chemical family. This chemical family specifically targets nicotinic acetylcholine receptors leading to death of the insect (13) . This selectivity for insects means they have a very low mammalian toxicity, and they do not accumulate in mammals or through food chains (13, 20) . Imidacloprid, released in 1991, was the first neonicotinoid on the market. Second generation neonicotinoids such as clothianidin, thiamethoxam, dinotefuran, and acetamiprid are now becoming available. With the speed and scale with which imidacloprid was released and incorporated into control strategies around the world, there was concern about development of resistant insect populations (13) . To a large extent, these worries have not been realized in practice, and imidacloprid has proven remarkably resilient (13) . Extensive surveys have shown neonicotinoid resistance remains restricted to few insect species and often very localized (13) . As additional neonicotinoids continue to be commercialized, this class of synthetic insecticides will require continued monitoring for the development of insect resistance (20) .
Host resistance remains the most economical and primary defense against curly top in sugar beets. However, host resistance is not complete and is inherited in a quantitative manner (2, 8) . As the sugar beet industry readily incorporates resistance to other diseases such as rhizomania into new hybrids, developing high levels of the quantitatively inherited curly top resistance in all parental lines used in hybrid development cannot be easily or rapidly achieved. In addition, after adding multiple sources of disease resistance, maintaining yield potential is difficult. To aid in curly top control in California, a curly top management program has been in place since 1943 (21) . This program is based in part on the migratory behavior of C. tenellus and employs aerial insecticide applications directed toward noncrop areas where the Table 5 . Single degree-of-freedom contrasts on data pooled across four sugar beet hybrids to investigate the influence of host resistance and insecticide seed treatments on the control of curly top during the 2005 growing season near Nampa, ID Treatments included sugar beet hybrids previously characterized for curly top resistance: HM PM21 = high, Beta 8600 = high-intermediate, Phoenix R = low-intermediate, and Monohikari = susceptible. Treatments also included various insecticide seed treatments: Control = no insecticide treatment, Gaucho 600 = imidacloprid 45 g a.i./100,000 seed, Poncho Beta = clothianidin 60 g a.i./100,000 seed + beta-cyfluthrin 8 g a.i./100,000 seed. All seed was treated with Allegence FL (15.6 g a.i./100 kg) and Thiram 42S (250 g a.i./100 kg). Mean = mean value for data pooled across hybrids. Percent difference = percent difference between means for treatments in contrast. Y Number of plants at the cotyledon growth stage (prior to thinning) were counted in 3 m of row.
Curly top disease index scale ranged from 0 = no symptoms to 9 = dead plant.
insect vector tends to congregate. However, as increasing urbanization occurs near farming regions, many areas are no longer accessible to spraying and nontarget organisms influenced by the sprays make aspects of this program undesirable (21) . A similar curly top management program was in place in southern Idaho from 1949 through 1969 but fell out of favor because of increasing urbanization and the lack of funds (3). Adjusting sugar beet planting dates can provide some control of curly top but has proven to be inconsistent (7, 21) . In the past, a number of insecticides (pyrethrum, DDT, malathion, phorate, disulfoton, dimethoate, aldicarb, and carbofuran) have been investigated for the control of curly top (3, 8, 10, 12, 14) . Each proved to be effective in killing leafhoppers but for various reasons (such as too short an efficacy period) failed to provide adequate levels of curly top control. The use of the neonicotinoids was first investigated with imidacloprid and was found to be somewhat effective but was unable to prevent large yield losses in susceptible cultivars (8, 21) . Recently, a second generation of neonicotinoids has started to become available which includes clothianidin, the active ingredient in Poncho. Our results indicate that Poncho Beta, a combination of clothianidin (60 g a.i./100,000 seed) and beta-cyfluthrin (8 g a.i./100,000 seed) was effective in reducing large losses from curly top even in very susceptible hybrids. We speculate that beta-cyfluthrin, a nonsystemic insecticide, had very little influence on the control of curly top, but the studies presented herein did not address the influence of beta-cyfluthrin. Nevertheless, the data presented indicate that second generation neonicotinoids may provide a valuable tool for reducing the incidence and severity of curly top in sugar beets in Idaho and other regions with a similar growing season. Since this disease problem is impacted by the influence of weather on leafhopper numbers and movement and disease severity, the weed population harboring both vector and virus, and hybrids varying for resistance, curly top requires multifaceted management. To enhance our disease management options, we should continue to improve on host resistance to curly top along with investigating the potential for utilizing seed treatments to supplement host resistance.
